We tested the hypothesis that ferredoxin (Fd) limits the activity of cyclic electron flow around PSI (CEF-PSI) in vivo and that the relief of this limitation promotes the non-photochemical quenching (NPQ) of Chl fluorescence. In transplastomic tobacco (Nicotiana tabacum cv Xanthi) expressing Fd from Arabidopsis (Arabidopsis thaliana) in its chloroplasts, the minimum yield (F o ) of Chl fluorescence was higher than in the wild type. F o was suppressed to the wild-type level upon illumination with far-red light, implying that the transfer of electrons by Fd-quinone oxidoreductase (FQR) from the chloroplast stroma to plastoquinone was enhanced in transplastomic plants. The activity of CEF-PSI became higher in transplastomic than in wild-type plants under conditions limiting photosynthetic linear electron flow. Similarly, the NPQ of Chl fluorescence was enhanced in transplastomic plants. On the other hand, pool sizes of the pigments of the xanthophyll cycle and the amounts of PsbS protein were the same in all plants. All these results supported the hypothesis strongly. We conclude that breeding plants with an NPQ of Chl fluorescence increased by an enhancement of CEF-PSI activity might lead to improved tolerance for abiotic stresses, particularly under conditions of low light use efficiency.
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Introduction
Photon energy absorbed by chloroplasts drives not only photosynthetic linear electron flow (LEF) but also cyclic electron flow around PSI (CEF-PSI). In LEF, electrons produced by photo-oxidation of water at PSII flow through the Cyt b/f complex and plastocyanin and are used for the reduction of NADP þ by ferredoxin-NADP oxidoreductase (FNR) at the electron acceptor site of PSI. LEF results in the formation of a proton gradient (ÁpH) across the thylakoid membranes, which as part of the proton motive force drives ATP synthase to produce ATP. The NADPH and ATP produced are utilized in the photosynthetic carbon reduction (PCR)/photorespiratory carbon oxidation (PCO) cycles. On the other hand, in CEF-PSI, electrons back-flow from the donor site of PSI to plastoquinone (PQ) in the thylakoid membranes. Similarly to LEF, CEF-PSI enhances the proton flux to the thylakoid lumen through the Q-cycle, which is catalyzed by the Cyt b/f complex. Thus, CEF-PSI contributes to the formation of ÁpH across the thylakoid membranes although it does not produce NADPH.
CEF-PSI activity is regulated by the light use efficiency in photosynthesis. When plants are exposed to high light and/or low CO 2 , the rate of CO 2 assimilation is limited by the carboxylation of ribulose-1,5-bisphosphate (RuBP) catalyzed by RuBP carboxylase/oxygenase (Rubisco). As a result, the efficiency of the transformation of photon energy to NADPH and ATP decreases. Under these conditions, the probability that electrons accumulate at the donor site of PSI becomes larger, leading to the enhancement of CEF-PSI activity (Miyake et al. 2004 , Miyake et al. 2005a . Moreover, when plants are exposed to drought, the closure of stomata limits the CO 2 supply from the atmosphere. As a result, the limitation of RuBP carboxylation by Rubisco is enhanced, and the activity of CEF-PSI increases (Golding et al. 2004) . Furthermore, when plants are exposed to low and high temperatures, the rate of RuBP regeneration in the PCR/PCO cycle is lowered and the activity of carboxylation/oxygenation of Rubisco activity decreases, again resulting in an increase in CEF-PSI (Clarke and Johnson 2001 , Bukhov et al. 2002 , Miyake et al. 2004 , Hirotsu et al. 2005 . On the other hand, plants regulate the activity of CEF-PSI in response to the light intensity. High-light-grown tobacco plants showed an apparently higher activity of CEF-PSI than low-light-grown plants (Miyake et al. 2005b ). These results clearly indicate that CEF-PSI has a physiological function.
Two main physiological functions of CEF-PSI in higher plants have been proposed (Heber and Walker 1992) . First, CEF-PSI may supply ATP to drive both the PCR and PCO cycles. Under CO 2 -saturated conditions, where photorespiration is suppressed, only the PCR cycle functions in CO 2 assimilation, and the amount of ATP produced in LEF is sufficient to support it (Miyake et al. 2005a ). On the other hand, under ambient partial pressures of CO 2 and O 2 , PCO cycles functions as well, and ATP for CO 2 assimilation is provided not only by LEF but also by CEF-PSI (Miyake et al. 2005a ). Secondly, CEF-PSI may dissipate excess photon energy as heat by inducing non-photochemical quenching (NPQ) of Chl fluorescence (Golding et al. 2004 , Miyake et al. 2004 , Endo and Asada 2005 , Miyake et al. 2005a ). The heat dissipation of excess photon energy (heat dissipation process, HDP) depends on the functions of the xanthophyll cycle and PsbS, a component of PSII, and on the acidification of the thylakoid lumen (Niyogi 2000 , Li et al. 2002a , Li et al. 2002b . In this process, CEF-PSI is proposed to contribute to the formation of ÁpH across the thylakoid membranes (Miyake et al. 1995) .
HDP minimizes the production and accumulation of reactive oxygen species that may damage PSII, causing photoinhibition (Demmig-Adams and Adams 1996, Niyogi 2000) . Photoinhibition seems to occur under low light use efficiency conditions, such as high light, low CO 2 , low temperature and drought. Under these conditions, the rate of LEF is limited by the regeneration of NADP þ and ADP, and electrons accumulate in the photosynthetic electron transport systems (Asada 1999, Ort and Baker 2002) . As a result, charge separation of the photoexcited PSII reaction center Chl, P680, is suppressed, leading to accumulation of excited triplet P680, 3 P680* (Hideg et al. 1998 1 O 2 degrades the PSII reaction center protein D1, and stimulates peroxidation of unsaturated fatty acids in the thylakoid membranes, leading to photoinhibition (Asada 1996) .
HDP contributes to the suppression of this photoinduced damage. In the xanthophyll cycle, violaxanthin de-epoxidase activated by acidification of the thylakoid lumen catalyzes the de-epoxidation of violaxanthin to zeaxanthin (Eskling et al. 2001) . Zeaxanthin accepts excitons from 1 Chl* in the LHCII and dissipates the excitation energy as heat (Niyogi 2000) . Zeaxanthin also reacts directly with 1 O 2 and dissipates its energy as heat (Mu¨ller et al. 2001) . Furthermore, protonated PsbS supports the function of the xanthophyll cycle by changing the conformation of the PSII complex (Niyogi 2000 , Li et al. 2004 ). These protective abilities of HDP are demonstrated by the fact that Arabidopsis thaliana mutants deficient in NPQ of Chl fluorescence, npq-1 and npq-4, are more susceptible than the wild type to PSII photoinhibition (Pogson et al. 1998 , Niyogi 2000 , Pogson and Rissler 2000 , Mu¨ller et al. 2001 .
Induction of the NPQ of Chl fluorescence, a measure of HDP activity, was observed under low È(PSII) conditions, where light use efficiency is low (Miyake et al. 2004 , Miyake et al. 2005a . For example, when the net CO 2 assimilation rate is light saturated, NPQ drastically increases with further increases in light intensity (Miyake et al. 2004) . Similarly, lowering the partial pressure of CO 2 under light-saturated conditions decreases the CO 2 assimilation and induces NPQ (Miyake et al. 2005a) . Furthermore, leaves of plants exposed to drought stress show a large NPQ (Golding et al. 2004 ). As described above, CEF-PSI was also induced under these conditions and its activity showed a strong positive correlation with that of NPQ.
Two main pathways for electron flow in CEF-PSI have been proposed to exist in higher plants (Asada et al. 1993; Carpentier 2004, Mi et al. 1995) :
where Fd, ferredoxin; FQR, ferredoxin-quinone oxidoreductase; PQ, plastoquinone; PC, plastocyanin.
where FNR, Fd-NADP oxidoreductase; NDH, NADPH oxidoreductase.
Pathway I is mediated by FQR and is inhibited by an antibiotic, antimycin A (Arnon et al. 1954 , Arnon 1959 , Arnon et al. 1967 , Arnon and Chain 1975 . Pathway II is mediated by NDH (Mi et al. 1992a , Mi et al. 1992b ). As described above, the activity of CEF-PSI increases under low È(PSII) conditions. Under such conditions, the reduced form of Fd accumulates due to the shortage of NADP þ , causing a stimulation of pathways I and/or II. In fact, addition of reduced Fd to isolated thylakoid membranes stimulated the activity of CEF-PSI and induced the formation of ÁpH (Miyake et al. 1995) .
In the present work, we tested the hypothesis that Fd limits the activity of CEF-PSI in vivo and that the relief of this limitation causes an enhancement of NPQ of Chl fluorescence. Transplastomic tobacco plants overexpressing Fd from Arabidopsis were produced by plastid transformation. Transplastomic plants exhibited a more severe dark reduction of the PQ pool than wild-type plants, implying a stimulated donation of electrons by FQR. In fact, transplastomic plants showed a higher CEF-PSI activity. Furthermore, NPQ of Chl fluorescence was enhanced in transplastomic plants. We conclude that strengthening NPQ of Chl fluorescence by the enhancement of CEF-PSI activity can be a useful strategy for producing plants with high tolerance against abiotic stresses such as high light and drought, which cause light use efficiency to be low.
Results

Expression of AtFd in chloroplasts of tobacco leaves
We introduced the plastid transformation vector pLD200-AtFd2 carrying the chimeric AtFd gene encoding the matured form of AtFd2 and the chimeric aadA gene into tobacco leaves by particle bombardment (Fig. 1A, B) . AtFd2 is localized in the chloroplast stroma in Arabidopsis and functions in photosynthetic electron transport (Hanke et al. 2004) . After the three rounds of spectinomycin selection, the chloroplast genomes of the candidates obtained were examined by polymerase chain reaction using specific primers (Fig. 1C) . The majority of the polymerase chain reaction products from the transplastomic lines were 2,240 bp in size, with only a small proportion of 278 bp products (indicating the absence of the AtFd2 sequence; Fig. 1C ). Plants grown from seeds of the transplastomic lines obtained by self-pollination were used for further experiments.
The expression of AtFd2 protein in the second generation was confirmed in mature leaves ( Fig. 2A) . The amounts of Rubisco large subunit were almost identical in wild-type and transplastomic plants. An anti-maize Fd1 antibody reacted with 18 kDa proteins in both wild-type and transplastomic plants, but the signal was stronger in the wild type (Fig. 2B) . On the other hand, an anti-spinach Fd antibody reacted with a 16.5 kDa protein in transplastomic plants only (Fig. 2B) . We concluded that the 16.5 kDa protein corresponded to the AtFd introduced into the tobacco chloroplasts.
A photograph of both wild-type and transplastomic plants at 31 d after germination, which were grown under the application of various amount of Hyponex, is shown in Fig. 3 (see Materials and Methods: A and a, once a week; B and b, three times a week). In both wild-type and transplastomic plants, the height [A (14.2 AE 1.3 cm) and a (14.5 AE 1.6 cm), B (17 AE 2 cm) and b (17 AE 2 cm) (n ¼ 6)] and number of leaves [A (8 AE 1) and a (8 AE 1), B (11 AE 1) and b (11 AE 1) (n ¼ 6)] were not significantly different. 
Fig. 1 (A) Amino acid sequence of the AtFd2 precursor deduced from the cDNA sequence of AtFd2; amino acids forming a putative plastid targeting sequence are italicized. The vertical arrow indicates a putative cleavage site of the plastid targeting sequence predicted by the ChloroP software (Emanuelsson et al. 1999 ).
(B) Integration of the chimeric genes aadA and AtFd2, encoding aminoglycoside 3 0 -adenylyltransferase and the matured form of AtFd2, respectively, into tobacco plastid DNA. Horizontal arrows mark the primers used for the polymerase chain reaction analysis that was applied to determine the extent to which wild-type plastid DNA had been replaced by the chimeric genes. aadA, aminoglycoside 3 0 -adenylyltransferase; accD, acetyl CoA carboxylase b subunit; AtFd2, matured form of AtFd2; P psbA , psbA promoter and 5 0 -untranslated region; P rrn16 , 16S RNA promoter; rbcL, Rubisco large subunit; T psbA , psbA terminator; T rps16 , ribosomal protein 16S terminator. (C) Polymerase chain reaction analysis demonstrating the incorporation of the chimeric AtFd2 gene into tobacco plastid DNA. 1, Smart Ladder TM (molecular size markers); 2, pLD200-AtFd2 (plastid transformation vector); 3, total DNA from wild-type tobacco; 4, total DNA from transplastomic tobacco. 
Photosynthetic characteristics
The net CO 2 assimilation rate [A(20) ] at an intercellular partial pressure of CO 2 (Ci) of 20 Pa was significantly related to total leaf nitrogen content (total leaf-N; Fig. 4A and Table 1 ). This relationship was not significantly different between wild-type and transplastomic plants ( Fig. 4A and Table 1 ). The net CO 2 assimilation rate at 460 Pa Ci [A(460)] showed a similar dependence on total leaf-N in the wild-type and transplastomic plants ( Fig. 4B and Table 1 ). Furthermore, there was also a pronounced correlation between Chl content per leaf area and total leaf-N in all plants ( Fig. 4C and Table 1 ).
Based on the above results, we selected representative wild-type and transplastomic plants with a total leaf-N of 172 AE 7 (n ¼ 6) and 169 AE 9 (n ¼ 6) mmol N m À2 , respectively. There were no significant differences in any of the photosynthesis-relevant parameters tested between the two groups, except Fd contents (Table 2) . Transplastomic plants had a larger amount of Fd than the wild type, by a factor of about 4.
The dependence on light intensity of the net CO 2 assimilation rate did not differ between wild-type and transplastomic plants at partial pressures of CO 2 of 20 Pa (Fig. 5A ) and 460 Pa (Fig. 5B) . Likewise, wild-type and transgenic lines were similar with respect to photosynthetic electron transport in isolated thylakoid membranes. No significant differences in methyl viologen (MV)-dependent . Seedlings were kept in 0.5 (dm) 3 pots containing commercial peat-based compost, and were watered daily. Plants were fertilized with 1,000-fold diluted Hyponex 8-12-6 (Hyponex Japan, Osaka, Japan) either once a week (A and a) or three times a week (B and b). The arrowheads indicate the section where the SPAD value and total leaf-N were determined (see text).
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Photosynthetic activity at the ambient partial pressure of CO 2 /O 2 The photosynthetic characteristics of wild-type and transplastomic plants were studied at the ambient partial pressure of CO 2 /O 2 and at the light intensity to which the plants had adapted during their development (Table 4) (460) were estimated from the dependence of the net CO 2 assimilation rate on Ci. Measurements of the net CO 2 assimilation rate were made at a leaf temperature of 258C, a PFD of 1,500 mmol photons m À2 s À1 and 21 kPa O 2 . The variety of total leaf-N was generated by applying different amounts of fertilizer (see 'Materials and Methods'). (C) Chl content vs. total leaf-N; symbols as above. See Table 1 for further details. F o and effects of pulses of saturating light on Chl fluorescence yield When we measured F V /F M in wild-type and transplastomic plants, we observed that transplastomic plants had a larger minimal yield (F o ) of Chl fluorescence (Fig. 6 ). The increase in F o of Chl fluorescence could be due to electron flow to PQ from reductants in the chloroplast stroma in the dark (Asada et al. 1993 , Field et al. 1998 ). To clarify this point, we illuminated leaves with far-red light to oxidize PQ after measuring light illumination (Fig. 6A, B) . As a result, the value of F o in transplastomic plants decreased to the wild-type level, indicating that electron flow from reductants in the stroma to PQ was enhanced in transplastomic plants. Therefore, we considered the Chl fluorescence level after far-red light illumination as the true value of Table 2) .
The enhancement of electron flow to PQ in transplastomic plants was also reflected by the Chl fluorescence decay kinetics after illumination with saturating light pulses (SPs; Fig. 6A , B). In wild-type plants, the Chl fluorescence reached the F M level during 1 s of saturating illumination, and then returned to the initial value within about 15 s. On the other hand, Chl fluorescence yield increased transiently after the SP in transplastomic plants (Fig. 6B) , and then returned to the initial level within 40 s after SP illumination. The raised F o (app) and transient increase in Chl fluorescence yield following SP in transplastomic plants are in line with the idea of an enhanced electron flow from Fd to PQ mediated by FQR. Therefore, we concluded that in transplastomic plants, the activity of CEF-PSI was larger than in the wild type.
Relationship between Je(PSII), Je(PSI), NPQ and Qp at high light and 2 kPa O 2
We previously had established the parameters required to estimate the potential of CEF-PSI in higher plants (Miyake et al. 2005b) . The activity of CEF-PSI showed a positive relationship with Je(PSII) as reflected in È(PSII) (Miyake et al. 2005b ). Therefore, CEF-PSI can be evaluated by measuring Je(PSII). At 1,100 mmol photons m À2 s À1 and Miyake et al. 2005b] . In the present study, Je(PSI) always exceeded Je(PSII) in wild-type as well as transplastomic plants (Fig. 7A ), indicating that CEF-PSI was active in both groups. Je(PSI) was larger in transplastomic plants than in the wild type; this difference increased with decreasing Je(PSII) ( Table 5 ). The activity of CEF-PSI was much higher in transplastomic than in wild-type plants under limited LEF conditions, where È(PSII) decreased. Next, we examined the relationship between the increased CEF-PSI observed in transplastomic plants and NPQ and Qp of Chl fluorescence (Fig.7B, C) . NPQ of Chl fluorescence generally increased with decreasing Je(PSII). This result was consistent with the previous report (Miyake et al. 2005b) , and suggested that under limited LEF, NPQ of Chl fluorescence was promoted by enhanced CEF-PSI activity. Transplastomic plants showed a larger NPQ of Chl fluorescence at low Je(PSII) than the wild type (Fig. 7B) , probably due to the higher CEF-PSI at low Je(PSII). On the other hand, Qp of Chl fluorescence correlated positively with Je(PSII) in all plants (Fig. 7C) , which was also in line with previous results (Miyake et al. 2005b ). These findings indicated that the enhancement of CEF-PSI in transplastomic plants did not affect the redox state of PQ under the above examined conditions.
We compared Je(PSI) and NPQ as well as Qp of Chl fluorescence between wild-type and transplastomic plants at 50 mmol e À m À2 s À1 of Je(PSII) ( Table 6 ). Je(PSI) and NPQ were significantly higher in transplastomic than in wild-type plants, but Qp was almost the same in the two groups. Thus, transplastomic plants seemed to have a higher activity of CEF-PSI at limited turnover of LEF.
PsbS and pool size of the xanthophyll cycle
Both PsbS and carotenoid pigments of the xanthophyll cycle are indispensable for HDP (Niyogi 2000) . In Arabidopsis mutants deficient in PsbS or in the biosynthesis of carotenoid pigments of the xanthophyll cycle, induction of NPQ of Chl fluorescence was inhibited. We compared the amounts of PsbS and pigments of the xanthophyll cycle in wild-type and transplastomic leaves, but found no significant differences (Fig. 8 and Table 2 ). These results showed that the enhanced NPQ of Chl fluorescence observed in transplastomic plants did not depend on PsbS or carotenoids, but probably on the promotion of CEF-PSI by Fd which had been introduced into the chloroplasts.
Effect of the enhanced activity of CEF-PSI on the Ci dependence of the net CO 2 assimilation rate
To clarify the effects of increased CEF-PSI on the rate of net CO 2 assimilation, we examined the net CO 2 assimilation rate, Je(PSI), Je(PSII) and NPQ of Chl fluorescence as a function of Ci in wild-type and transplastomic plants (Fig. 9) . The dependences on Ci of the net CO 2 assimilation rate and Je(PSII) were similar in both groups (Fig. 9A, B) . On the other hand, Je(PSI) in transplastomic plants was larger than in the wild type under low Ci but not under high Ci conditions (Fig. 9C) . As a result, when LEF was limited under low Ci conditions, the activity of CEF-PSI in transplastomic plants exceeded that of wild-type plants, as reflected in the increase in Je(PSI)/Je(PSII) at low Ci (Fig. 9A) . This was in agreement with the results shown in Fig. 7A . Similarly, NPQ of Chl fluorescence in transplastomic plants exceeded that in wild-type plants under low Ci conditions, where LEF was limited (Fig. 9D) . This suggested that an enhancement of CEF-PSI did not accelerate the net CO 2 assimilation rate, and that the increase in CEF-PSI activity in transplastomic plants contributed to the induction of NPQ of Chl fluorescence by accelerating the formation of ÁpH across the thylakoid membranes.
Discussion
In the present work, we tested the hypothesis that Fd limits the activity of CEF-PSI in vivo, and that the relief of this limitation enhances NPQ of Chl fluorescence. To test this hypothesis, we produced transplastomic plants expressing Fd from Arabidopsis in their chloroplasts, expecting that the increased amounts of Fd in the chloroplasts would promote CEF-PSI. In transplastomic plants, the activity of CEF-PSI as well as the NPQ of Chl fluorescence was enhanced. The apparent F o of Chl fluorescence was larger than in the wild type, but was reduced to wild-type levels by illumination with far-red light which excites PSI (Fig. 6) . Table 5 for further details on the regression analysis shown in (A).
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an SP occurred in transplastomic plants (Fig. 6) . Thus, the electron flow from the stroma to PQ in the thylakoid membranes was enhanced in transformed plants, indicating an increased CEF-PSI activity. Actually, the ratio between Je(PSI) and Je(PSII) as well as that between NPQ of Chl fluorescence and Je(PSII) was larger in transplastomic plants (Fig. 7) which strongly supports our hypothesis. The fact that overexpression of Fd in chloroplasts increased the activity of CEF-PSI provides a clue to the molecular mechanism of CEF-PSI. The two main pathways for CEF-PSI are mediated by FQR (the Fd-dependent pathway I) and by NDH (pathway II; Bukuhov and Carpentier 2004). The activities of the pathways have not been measured separately in living leaves yet, implying that CEF-PSI activities measured so far consist of the rates of these two and possibly more pathways (Miyake et al. 2004 , Miyake et al. 2005a , Miyake et al. 2005b ). The present work suggest that Fd-dependent CEF-PSI, i.e. the FQR pathway, actually functions in vivo and that Fd is rate limiting. In fact, tobacco mutants deficient in NDH showed the same activity of CEF-PSI as wild-type tobacco (data not shown). When È(PSII) decreases and the regeneration of NADP þ is limited, the reduced form of Fd would be expected to accumulate, leading to a promotion of CEF-PSI. It would appear useful if this regulatory mechanism of CEF-PSI were involved in responses to limitations in CO 2 assimilation. Under high light or low CO 2 , the quantum yield of CO 2 assimilation [È(CO 2 ] decreases because of the limitation of net CO 2 assimilation, leading to an enhancement of CEF-PSI activity (Miyake et al. 2004 , Miyake et al. 2005a .
In transplastomic plants, the NPQ of Chl fluorescence was enhanced (Fig. 7) . Acidification of the thylakoid lumen is necessary for the NPQ of Chl fluorescence, resulting in an accumulation of zeaxanthin in the xanthophyll cycle, the protonation of PsbS and, ultimately, the enhancement of HDP (Niyogi 2000) . As the total amounts of pigments of the xanthophyll cycle and of PsbS were similar in wildtype and transplastomic plants ( Fig. 8 and Table 2 ), the enhancement of NPQ in transplastomic plants must be ascribed to an enhanced acidification of the thylakoid lumen by the CEF-PSI working at a higher rate. Thus, this is the first demonstration of a direct linkage between the activity of CEF-PSI and the NPQ of Chl fluorescence. Our results suggest that strengthening the NPQ of Chl fluorescence might lead to an increased tolerance for photoinduced damage.
In transplastomic tobacco plants, increased CEF-PSI activity did not lead to an increased net CO 2 assimilation rate (Fig. 9) . As it has been proposed that one physiological role of CEF-PSI is to supply ATP to the PCR/PCO cycles 
CEF-PSI contributes to the production of protons in the lumen, along with LEF, so that
where n1 (¼3) is the ratio of the H þ production rate to electron flux in the LEF with the Q cycle and n2 (¼2) is the same ratio with respect to electron flux through 
where n3 [¼2(3 þ 3.5f)/(2 þ 2f); f is the ratio of the RuBP oxygenation rate (v o ) to the RuBP carboxylation rate (v c ) by Rubisco (f ¼ v o /v c )] is the ratio of the H þ consumption rate to the electron consumption rate in the PCR/PCO cycles von Caemmerer 1982, von Caemmerer 2000) ; it is assumed that 4 mol of protons are required for the production of 1 mol of ATP by the chloroplastic ATP synthase (H þ /ATP ¼ 4; Ruuska et al. 2000) . Furthermore, the electron flux (Jg) to the PCR/ PCO cycles equals that through LEF (Cornic and Briantais 1991 , Ruuska et al. 2000 . From Equations 1-3, the ratio of Je(PSI) to Je(PSII) [Je(PSI)/ Je(PSII)] required for maintaining net CO 2 assimilation is
The value depends on the rate of RuBP oxygenation in the PCO cycle. An increase in f implies an enhancement of photorespiration. Under non-photorespiratory conditions (f ¼ 0); for example at high CO 2 , Je(PSI) is equal to Je(PSII). If so, no electron flux through PSI in addition to that through LEF is required for net CO 2 assimilation. As f increases, Je(PSI)/Je(PSII) rises above 1, indicating a requirement for CEF-PSI for net CO 2 assimilation. At the CO 2 compensation point (f ¼ 2), where the rate of net CO 2 assimilation is zero, Je(PSI)/Je(PSII) reaches 1.16 (Miyake et al. 2005a) . In tobacco plants, all measured values for Je(PSI)/Je(PSII) exceeded the theoretical values calculated from Equation 4 (Miyake et al. 2005a , and the present work). Even at high Ca, where no photorespiration occurred (f ¼ 0), Je(PSI)/Je(PSII) exceeds 1.2 at all light intensities (Miyake et al. 2005a) . At the CO 2 compensation point, Je(PSI)/Je(PSII) is larger than 1.2, even at low light intensity (Miyake et al. 2005a ). These results support the idea of a physiological function for CEF-PSI in the supply of ATP for net CO 2 assimilation. The fact that the increased CEF-PSI activity in transplastomic tobacco plants did not increase the net CO 2 assimilation as compared with the wild type indicates that the activity of the CEF-PSI in wild-type tobacco is sufficient to supply ATP for the PCR/PCO cycles. Therefore, any increase in the activity of CEF-PSI under strong light and/or low partial pressure of CO 2 will contribute to the build-up of ÁpH across thylakoid membranes, leading to strong NPQ of Chl fluorescence, as observed in transplastomic tobacco plants.
In the present work, we overexpressed AtFd2, one of the Fd isozymes in Arabidopsis, in chloroplasts of tobacco plants. Arabidopsis has four Fd isozymes (AtFd1, AtFd2, AtFd3 and AtFd4) that are divided into leaf type or root type on the basis of their distances in phylogenetic trees of their amino acid sequences (Hanke et al. 2004 ). Leaf-type Fds, AtFd1 and AtFd2, localize to chloroplasts, and the root type AtFd3 mainly localizes to plastids in roots. It has been proposed that the two types have different physiological roles , Yonekura-Sakakibara et al. 2000 . AtFd1 and AtFd2 function in photosynthetic electron transport in thylakoid membranes, while AtFd3 is involved in the heterotrophic sulfite reduction (Hanke et al. 2004 ). The redox potentials of AtFd1 and AtFd2 are À425 and À433 mV, respectively, significantly lower than those of AtFd3 and AtFd4 (À337 and À152 mV, respectively; Hanke et al. 2004 ). AtFd2 makes up about 90% of all Fds in Arabidopsis leaves, and the expression of the AtFd2 gene is regulated by light (Vorst et al. 1993) .
Western blotting with anti-maize Fd antibody gave one protein band in the wild type as well as in transplastomic plants; the signal appeared slightly weaker in the latter (Fig. 2B) . On the other hand, an anti-spinach Fd antibody gave one band in transplastomic plants only, and the molecular mass of the protein detected was smaller than that of the proteins interacting with the anti-maize Fd antibody (Fig. 2B) . These results indicated that the antispinach Fd antibody cross-reacted with AtFd2 expressed in transplastomic plants. The signal strengths in Western blotting experiments using the anti-maize Fd antibody suggest that an overexpression of AtFd2 might result in a decrease in endogenous Fd in transplastomic plants. At the present time, the molecular mechanisms of interaction between the expression of endogenous Fd and AtFd2 are unclear.
In transplastomic tobacco plants, we observed a larger F o of Chl fluorescence than in the wild type (Fig. 6) . The increased F o in transplastomic plants was due to a non-photochemical reduction of the PQ pool in the thylakoid membranes (Fig. 6) . In the past, a chlororespiratory electron pathway has been proposed to operate in the dark (Field et al. 1998) , in which NDH reduces the PQ pool with NADPH as an electron donor derived from starch catabolism in the chloroplast stroma (Peltier and Schmidt 1991) . However, the fact that F o of Chl fluorescence in the dark increased in transplastomic tobacco indicated that FQR rather than NDH functioned in the reduction of the PQ pool using NADPH. Furthermore, as the F o of Chl fluorescence was generally increased in transplastomic tobacco, the steady-state rate at which electrons, probably derived from NADPH, flowed to the PQ pool must have been very large. It will be of interest to see whether the chloroplast contents of starch, a high-energy compound which ultimately fuels NADPH production in the dark, 1366 Ferredoxin limits cyclic electron flow around PSI differs between wild-type and transplastomic tobacco (Bukhov et al. 2002) . In contrast to wild-type tobacco, a transient increase in F o of Chl fluorescence was observed in transplastomic tobacco after application of an SP (Fig. 6) . This may reflect the FQR-mediated back-flow of electrons from NADPH or the reduced form of Fd, both of which were produced during the SP, to the PQ pool. This possibility raised questions about electron transport pathways in wild-type plants. Is the amount of reductants generated during the SP in the wild type equal to that in transplastomic plants? Is the absence of a transient increase in F o of Chl fluorescence in the wild type due to the failure to accumulate reductants? Furthermore, where do these electrons flow to if they are produced in the wild type at similar rates as they are in transplastomic plants? Could it be that in wild-type plants, few or no electrons are generated in the chloroplast stroma during the SP? Answering these questions will clarify the mechanisms of the regulation of the electron pool in chloroplasts and the non-photochemical reduction of the PQ pool.
A non-photochemical reduction of the PQ pool in the dark did not induce NPQ of Chl fluorescence (Fig. 6) . F V /F M in transplastomic plants was not significantly different from that in wild-type plants (Table 2) . These results suggest that in tobacco plants, the nonphotochemical reduction of the PQ pool through the FQR pathway does not form a ÁpH across thylakoid membranes sufficient to induce NPQ of Chl fluorescence. On the other hand, in sunflower and algae, the nonphotochemical reduction of the PQ pool through the chlororespiratory pathway mediated by NDH induces NPQ of Chl fluorescence, and activates the chloroplast ATP synthase (Ting and Owens 1993 , Endo and Asada 1996 , Field et al. 1998 . Thus, the physiological function of FQR in the dark differs from that of NDH.
Values of Je(PSII) at the CO 2 compensation point were not significantly different in transplastomic and wild-type plants (Fig. 9) , indicating that Fd overexpression did not increase the activity of the water-water cycle (WWC) as an alternative pathway of electron flow. In the WWC, superoxide radicals (O À 2 ) are produced by one-electron reduction of O 2 at the PSI (Miyake et al. 1998 , Asada 1999 , Miyake et al. 2006 . The superoxide radicals disproportionate to H 2 O 2 and H 2 O, catalyzed by superoxide dismutase, and H 2 O 2 is reduced to H 2 O by ascorbate peroxidase, a peroxidase using ascorbate as an electron donor. Monodehydroascorbate radicals and dehydroascorbate that are also produced in this reaction then are reduced with electrons derived from LEF to regenerate ascorbate. Overall, the WWC is an O 2 -dependent but ATP-independent electron pathway, and its limitating step is the photoreduction of O 2 at the PSI (Miyake et al. 1998 ).
Fd and flavoproteins such as FNR, monodehydroascorbate reductase and glutathione reductase are candidates for mediators in the one-electron reduction of O 2 (Miyake et al. 1998 ). However, the present results do not suggest a function for Fd in the photoreduction of O 2 in the WWC.
Similarly to the CEF-PSI, the physiological role of the WWC has been proposed to be the induction of NPQ of Chl fluorescence by the formation of ÁpH across the thylakoid membranes (Asada 1999) . In leaves of wild watermelon, the activity of the WWC increased under strong light and/or low partial pressure of CO 2 (Miyake and Yokota 2000) . In wild tobacco plants, NPQ of Chl fluorescence was induced under such conditions, but no WWC activity was observed (Miyake et al. 2004) , indicating that all electrons derived from the photo-oxidation of water at PSII flowed to the PCR/PCO cycles. We found no differences in Je(PSII) at the CO 2 compensation point between wild-type and transplastomic tobacco (Fig. 9) , which strongly supported our idea that the enhancement of NPQ of Chl fluorescence in transplastomic tobacco was due to the increased activity of CEF-PSI mediated by FQR.
Materials and Methods
Plant growth conditions
Wild-type tobacco plants (Nicotiana tabacum cv Xanthi) and T 1 progeny of transplastomic plants expressing AtFd2 were grown from seeds at 16 h/8 h day-night cycles at 25 and 228C, respectively, and 50-60% relative humidity. Photon flux density (PFD) was 1,100 mmol photons m À2 s
À1
. Seedlings were kept in 0.5 (dm) 3 pots containing commercial peat-based compost, and were watered daily. Plants were fertilized with 1,000-fold diluted Hyponex 8-12-6 (Hyponex Japan, Osaka, Japan) either three times a week (high fertilizer treatment) or once a week (low fertilizer treatment). All measurements described below were made 4 weeks after sowing when the fifth to tenth leaves were fully expanded.
Construction of vectors for plastid transformation
A cDNA library, which had been constructed for green vegetative tissue of Arabidopsis (A. thaliana, ecotype Columbia), was used as a template for polymerase chain reaction with ExTaq TM DNA polymerase (TAKARA BIO INC., Shiga, Japan). A sense primer 5 0 -ACAGCCATGGCTACATACAAGG-3 0 with an NcoI restriction site and an antisense primer 5 0 -CGC GAATTCAAACAATGTCTTCTTCTTTGT-3 0 with an EcoRI restriction site (underlined) were used to amplify the coding sequence (447 bp long) for the predicted mature protein AtFd2 (Fig. 1A) by polymerase chain reaction. The amplification product lacked the N-terminal 52 amino acids of the precursor of AtFd2 including the plastid targeting sequence, and the plastid target sequence was replaced by a methionine residue, i.e. a translation start signal. The amplified fragment was digested with NcoI and EcoRI, and then inserted into the corresponding sites of pBS-Ncore. As a result, a ribosome-binding nucleotide sequence was fused next to the ATG codon for translation initiation of matured AtFd2. The resultant plasmid was digested with BglII and Ferredoxin limits cyclic electron flow around PSI 1367
EcoRI, and the BglII-EcoRI fragment containing the coding sequence of AtFd2 was inserted into pLD6 (GenBank accession No. CS165374), yielding pLD6-AtFd2. The NotI-SalI fragment of pLD6-AtFd2 was introduced into the corresponding sites of pLD200 (GenBank accession No. CS165378) to generate pLD200-AtFd2. Both strands of the cloned fragment were sequenced with an automated DNA sequencer (ABI377A, Perkin Elmer, Foster City, CA, USA). The pLD200-AtFd2 was introduced into young tobacco leaves by biolistic bombardment as described previously (Svab and Maliga 1993) . The homoplastomic plants were transferred to soil and cultured in a growth chamber under 16 h light ($150-290 mmol m À2 s
À1
) and 8 h dark cycles at 238C.
Analysis of the integration of the chimeric AtFd2 gene into plastid DNA by polymerase chain reaction
The site-specific integration of the chimeric gene for AtFd2 into plastid DNA was examined by polymerase chain reaction with a set of primers (5 0 -GGATTGAGCCGAATACAAC-3 0 and 5 0 -CAACACGGAACAAAGGGGAC-3 0 ) corresponding to nucleotides 59,154-59,172 and 59,429-59,410 , respectively, of the tobacco plastid DNA (GenBank accession No. Z00044). Total DNA from leaves of wild-type and transplastomic plants was prepared according to the method of Liu et al. (1995) . Polymerase chain reaction (25 cycles) was performed in a volume of 20 ml with 50 ng of total DNA as template. The products were analyzed by electrophoresis in 1.2% agarose gels. A DNA size marker, Smart Ladder TM (NIPPON GENE, Tokyo, Japan), was used to estimate the product size.
Analysis of transplastomic plants by SDS-PAGE
For protein analysis, an amount of leaf tissues whose nitrogen content was 0.1 mmol N was homogenized with a mortar and pestle in 3 ml of extraction buffer [50 mM HEPES-KOH (pH 7.6), 1 mM dithiothreitol (DTT), 2% (w/v) polyvinylpolypyrrolidone, 1 mM phenylmethylsulfonyl fluoride and 10 mM leupeptin]. The homogenate was centrifuged at 15,000Âg for 15 min at 48C. The supernatant was treated as the soluble fraction, and the pellet was treated as the insoluble fraction after rinsing and suspending in extraction buffer. The proteins of both fractions were electrophoresed on 10-20% (w/v) SDS-polyacrylamide gradient gels (BIO CRAFT, Tokyo, Japan) as described by Laemmli (1970) , and then stained with SYPRO Ruby (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Images were obtained with an image analyzer (LAS-3000, FUJIFILM, Tokyo, Japan) using an excitation wavelength of 460 nm and an emission band-pass filter of 515 nm. The gel images were analyzed with the Multi Gauge Version 2.0 software (FUJIFILM).
Analysis of transplastomic plants by Western blotting
Purified Fd from spinach (Spinacia oleracea; Sigma-Aldrich, Missouri, USA) was used as an antigen for the production of rabbit polyclonal antibodies. An antibody against PsbS was purchased from AgriSera AB (Va¨nna¨s, Sweden). After the soluble tobacco leaf proteins were resolved by SDS-PAGE as decribed above, they were transferred onto polyvinylidene fluoride membranes (Hybond TM -P, GE Healthcare Bio-Science Corp., Piscataway, NJ, USA). The antibodies were added, and the protein-antibody complexes were labeled using the ECL Advance Western Blotting Detection Kit (GE Healthcare Bio-Science Corp.). The chemiluminescence was detected with an image analyzer (LAS-3000, FUJIFILM, Tokyo, Japan) and analyzed by the Multi Gauge Version 2.0 software. Before measurements of photosynthetic parameters and collection of leaves, tobacco plants were transferred to the dark room 4 h after the start of the light period. After about 60 min, CO 2 fixation (gas exchange) and Chl fluorescence were measured simultaneously, followed by determination of P700 þ absorbance. All measurements were done over an area of 6 cm 2 on leaves attached to intact plants and were repeated in at least three different plants. The gas exchange system was adopted from Miyake and Yokota (2000) , except that an LI-6400 (Li-Cor, Lincoln, NE, USA) was used as the infrared gas analyzer. Leaf temperature was 25.0 AE 0.58C, and the mixture of gases was saturated with water vapor at 16 AE 0.18C, corresponding to 1.825 kPa. Irradiance was provided by a halogen lamp (KL-1500; Walz, Effeltrich, Germany) to the leaf chamber through glass-fiber optics linked to a PAM Chl fluorometer, which was used also to measure Chl fluorescence through the same fiber-optics. The steady-state fluorescence yield (F S ) was monitored continuously and 1,000 ms SPs were supplied at intervals of 60 s to determine the maximum variable fluorescence (F M 0 ). The relative quantum yield of PSII [È(PSII)] at the steady state was defined as (F M 0 À F S )/F M 0 , as proposed by Genty et al. (1989) . NPQ and Qp of Chl fluorescence were calculated as (F M /F M 0 À 1) according to Bilger and Bjo¨rkman (1994) and as ( Oxborough and Baker (1997) , respectively. F O 0 was defined as the minimum Chl fluorescence yield with maximum opening of all PSII reaction center Chl P680 molecules in the light at steady state.
The absorbance of P700 þ was also measured with the PAM Chl fluorometer after replacing the Chl fluorescence detector unit by a ED-P700DW-E emitter detector unit (Walz, Effeltrich, Germany; Backhausen et al. 1998 , Holtgrefe et al. 2003 . The amplitude of full P700 oxidation was measured in the dark for each leaf before illumination commenced. In darkness, P700 is in its reduced sate, and full oxidation of P700, [P700] total , was achieved by illumination with far-red light (4700 nm) which excites only PSI. The oxidation of P700, [P700 þ ], was monitored by the change in the A 810-860 . The same amount of oxidizable P700 should be available under illumination, unless the PSI electron acceptors are already in their reduced state and cannot accept additional electrons. During illumination, the fraction of reduced P700 or PSI acceptor (A À ) was determined by short SPs which gave full oxidation of P700, followed by a 'dark pulse' which yielded fully reduced P700. The difference between the P700 amplitude in the light and the far-red-induced amplitude determined in the dark-adapted leaf must be attributed to A À . The relative quantum yield of PSI[È(PSI)] was calculated as described by Klughammer and Schreiber (1994) 
Estimation of electron fluxes in PSI and PSII Quantum yields of PSI and PSII, È(PSI) and È(PSII), were defined as: 
The value of aII was determined under non-photorespiratory conditions, where Je(PSII) was derived from the stoichiometry of the Calvin cycle, as follows.
, where A is the net CO 2 assimilation rate and Rd is the day respiration rate (Genty et al. 1989 , Miyake and Yokota 2000 , Ruuska et al. 2000 , Makino et al. 2002 , Miyake et al. 2004 . Rd was estimated from curves of A vs. Ci obtained at various PFDs, as described by Brooks and Farquhar (1985) . We obtained a constant value of aII under all light intensities and Ca at 2 kPa O 2 (Miyake et al. 2004) .
The proportion of light absorbed by chloroplasts in the leaves, p, was determined with an LI-1800 spectroradiometer equipped with the 1800-12S integrating sphere attachment (Li-Cor Inc.) . For each leaf, both a reference scan and a sample scan of reflectance and transmittance was made from 400 to 700 nm at 1 nm intervals. The sample scan was divided by its corresponding reference scan, and integrated over the wavelength range to obtain the average reflectance or transmittance (Chen and Cheng 2003) . p was calculated as: 1 -reflectance -transmittance.
From the values of aII and p, aI was calculated as aI ¼ p À aII. Then, we estimated Je(PSI) and Je(PSII) from the measured values of È(PSI) and È(PSII) as JeðPSIÞ ¼ aI Â ÈðPSIÞ Â PFD JeðPSIIÞ ¼ aII Â ÈðPSIIÞ Â PFD The electron flux in CEF-PSI [Je(CEF-PSI)] was estimated as Je(CEF-PSI) ¼ Je(PSI) À Je(PSII) (Miyake et al. 2005a) .
Furthermore, we calculated the values of dI and dII from the estimated values of p, aI and aII.
The constant value of aII indicated that aI also was constant; the constant ratio aI/aII implied that dI/dII was constant, too. Thus, the change in dI/dII by state transition was negligible. In state transition, the reduction of the PQ pool increased dI/dII (Allen 1992 , Finazzi et al. 1999 , Haldrup et al. 2001 , Wollman 2001 , Finazzi et al. 2002 . However, in the present work, even though state transition occurred, it would not contribute to the enhancement of CEF-PSI at high light and/or low CO 2 .
The apparent quantum yield of the net CO 2 assimilation at steady state [È(CO 2 )] was estimated as A/(p Â PFD), where A is the net CO 2 assimilation rate and PFD is the photon flux density illuminating the leaf.
Measurements of leaf nitrogen, Chl, SPAD and Fd
Amounts of total leaf nitrogen were determined on the same leaves as used for the gas exchange studies (Makino et al., 1988) . After the photosynthetic measurements, the leaf was excised and its fresh weight and leaf area were measured; then the leaf was homogenized in 50 mM Na-phosphate buffer (pH 7.5) containing 10 mM DTT and 12.5% (v/v) glycerol at a ratio of leaf to buffer of 1 : 7 (g : ml) using a chilled mortar and pestle with acid-washed quartz sand (0.30 g). Total Chl was determined in this homogenate (Makino et al. 1992) . A portion (100 ml) was weighed and subjected to Kjeldahl digestion. Total leaf nitrogen was determined by the method of Hind (1993) , with the SuperKjel 1200/1250 System (ACTAC, Tokyo, Japan). SPAD values (total Chl contents) were determined with a chlorophyll meter (SPAD-502, MINOLTA, Tokyo, Japan). Fd contents in leaves were determined as described in Nelson and Neumann (1969) .
Pigment analysis
Pigments [xanthophyll cycle carotenoids (V, violaxanthin; A, antheraxanthin; Z, zeaxanthin) and b-carotene] were extracted from leaf tissue (1 cm 2 ) as described in Thayer and Bjo¨rkman (1990) and analyzed by HPLC according to the method of Ushio et al. (2003) .
Isolation of thylakoid membranes from intact chloroplasts
Intact chloroplasts were isolated from wild-type and transplastomic tobacco leaves and purified by Percoll density gradient centrifugation as described previously (Miyake et al. 2006) . Isolated chloroplasts were subjected to osmotic shock by 10-fold dilution with 50 mM potassium phosphate buffer (pH 7.5), 10 mM NaCl and 2 mM MgCl 2 , and then the mixture was centrifuged at 5,000Âg for 10 min. The sedimented thylakoid membranes were resuspended in the same medium and centrifuged again under the same conditions. The pellet was suspended in the reaction mixture [50 mM potassium phosphate buffer (pH 7.5), 10 mM NaCl, 2 mM MgCl 2 and 400 mM sucrose] to yield a thylakoid membrane preparation.
Measurements of activities of LEF, PSII and PSI of isolated thylakoid membranes
Oxygen uptake was monitored with an oxygen electrode (Hansatech, King's Lynn, UK). After incubation in darkness for 5 min under air-equilibrated conditions, the reaction mixture [2 ml; 50 mM potassium phosphate buffer (pH 7.5), 10 mM NaCl, 2 mM MgCl 2 , 0.1 mM KCN, 400 mM sucrose and 28 mg of Chl thylakoid membranes] was illuminated with an iodine lamp at various light intensities at 258C. The activity of MV-dependent light-saturated LEF (MV-dependent LEF) was assayed in the presence of 0.67 mM nigericin, 0.1 mM KCN and 0.1 mM MV at 1,600 mmol photons m À2 s À1 (white light). The light-dependent O 2 -uptake rate was measured under the same conditions. The activity of PSII as well as the light-dependent O 2 evolution rate were determined in the presence of 0.5 mM phenyl-p-benzoquinone and 0.5 mM 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone at 1,600 mmol photons m À2 s À1 (white light). PSI activity and the light-dependent O 2 uptake rate were assayed in the presence of 0.1 mM KCN, 10 mM DCMU, 500 mM dichlorophenolindophenol, 2 mM ascorbate, 0.67 mM nigericin and 0.1 mM MV at 1,600 mmol photons m À2 s À1 (white light). 
